We report on the results of multi-frequency follow-up observations of three pulsars (PSRs J0026+6320, J2208+5500 and J2217+5733) discovered with the Giant Metrewave Radio Telescope (GMRT). These observations were carried out with the GMRT and the Ooty Radio Telescope (ORT). We report improved timing solutions for all three pulsars. For PSR J2208+5500, we estimate the nulling fraction to be 53(3)%. The steep spectrum of this pulsar, its single component profile, and narrow pulse width suggest its single component to be a core component. If so, this significant cessation of emission in a core component is inconsistent with a geometric origin of nulls, such as those due to 'empty' sightline traverses, and more likely due to intrinsic changes in the pulsar magnetosphere. We have measured scatter-broadening timescales at 325 and 610 MHz for PSRs J0026+6320 and J2217+5733. The implied scatter-broadening frequency scaling index of −2.9 for both pulsars is different from that expected assuming Kolmogorov turbulence in the interstellar medium. We also report spectral indices, obtained from imaging observations, for all three pulsars for the first time. The spectra for two of these pulsars indicate a possible spectral turnover between 100−300 MHz. Multi-frequency timing analyses carried out for these pulsars have enabled us to determine dispersion measures (DMs) with accuracies of 0.01 pc cm -3 . This demonstrates the usefulness of quasi-simultaneous multi-frequency multi-epoch timing observations with the GMRT and the ORT for studying variations in DM for millisecond pulsars.
INTRODUCTION
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Dedicated timing observations help in constraining many pulsar parameters like the period (P), period derivative (Ṗ), and the position of the pulsar. Multi-frequency timing observations further help in an accurate determination of the dispersion measure (DM). High cadence multi-frequency timing observations can be used to track changes in DM, which is important for high precision pulsar timing, such as the pulsar timing array experiment (You et al. 2007a,b; Manchester et al. 2013; Keith et al. 2013; Lam et al. 2016; Bilous et al. 2016; Jones et al. 2017) . With an interferometric array like the Giant Metrewave Radio Telescope (GMRT), simultaneous imaging data at different frequencies is also useful to constrain the spectrum of a pulsar, particularly for the pulsars showing highly scatter-broadened pulse profiles [See Dembska et al. (2015) ]. Additionally, imaging data help in understanding the environment of the pulsar. Regular multi-frequency monitoring observations are also useful in monitoring long term flux density variations and in the study of pulsar emission phenomena like nulling, mode changing, scatter-broadening and profile evolution.
In a blind survey carried out with the GMRT at 610 MHz, Joshi et al. (2009) discovered three pulsars, PSRs J0026+6320, J2208+5500, and J2217+5733. The initial follow-up timing observations of these pulsars were carried out with the GMRT at 610 MHz and the Lovell telescope (Jodrell Bank) at 1400 MHz. These pulsars belong to the normal pulsar population with rotation periods of 318, 933, and 1056 ms, respectively. Joshi et al. (2009) also reported on the nulling behavior of one of the pulsars, PSR J2208+5500, but could only put a lower limit of 7.5% on its nulling fraction (NF) due to the limited signal to noise ratio (S/N) of single pulses in both 610 and 1400 MHz observations. Compared to the mean pulsar spectral index of −1.4, with variance of 1 (Bates et al. 2013) , two of the three pulsars, PSRs J2208+5500 and J2217+5733, were found to have steep spectral indices of −2.0(0.9) and −2.7(1.3), respectively, while PSR J0026+6320 was found to have a much flatter spectral index of −0.8(0.3) (Joshi et al. 2009) 1 . PSRs J2217+5733 and J0026+6320 have high measured DMs and therefore are likely to show significant scatter-broadening at lower frequencies.
Since the discovery of these pulsars, we have continued the multi-frequency follow-up timing and radio imaging observations. In this paper, we present the results of these observations carried out with the GMRT and the Ooty Radio Telescope (ORT). Details of the observations are presented in Section 2. The data analysis procedure is briefly explained in Section 3. The results for each pulsar are presented in Section 4. The implications of our results are discussed in Section 5.
OBSERVATIONS
We carried out the observations with the GMRT (located 80 km North of Pune, India), which has 30 single dishes, each with diameter of 45 m, and an effective collecting area of 30,000 m 2 and a gain of 0.32 K Jy -1 antenna -1 (Swarup et al. 1991 ) and the ORT (located 10 km South-West of Ooty, India), which has a single polarization reflector with an effective collecting area of 8,700 m 2 and a gain of 3.3 K Jy -1 . The typical system temperature of the GMRT is about 100 K at 325 and 610 MHz, while that of the ORT is about 150 K at 326.5 MHz.
The timing observations were carried out with the GMRT at 325 MHz between MJD 56051−56745 with a cadence of about two weeks. Once a more accurate position was established, timing observations were subsequently moved to 610 MHz and were carried out between MJD 56955−57282 with a similar cadence. There were two epochs, MJDs 56983 and 57046, when we observed these pulsars at 1170 MHz to get better frequency coverage for determining DMs and spectral indices. The GMRT observations were carried out using the GMRT software backend (GSB; Roy et al. 2010 ) covering a bandwidth of 33 MHz, split into 512 spectral channels. The time-series data were recorded in the phased array (PA) mode, combining 16 closest antennae, with a sampling time of 123 µs, while the imaging data were simultaneously recorded with a sampling time of 16 s. The observations at the ORT for PSR J2208+5500 were started on MJD 56653 with almost daily cadence up to MJD 57234. Since then, the observations continued with a cadence of about twice a week up to MJD 57638. PSRs J0026+6320 and J2217+5733 were not detected at the ORT 2 . The ORT data were recorded using the PONDER backend in pulsar mode over a bandwidth of 16 MHz centered at 326.5 MHz with a sampling time of 0.5 ms. A known pulsar, PSR B1937+21, which has a well constrained timing solution, was also observed at each epoch with both telescopes as a test source.
DATA ANALYSIS AND RESULTS
Analysis of time-series data
We began the GMRT data analysis with flagging the frequency channels suffering from radio frequency interference (RFI). We identified the RFI-affected channels by calculating the rootmean-square (rms) over the full time range for each frequency channel after subtracting a running mean every second. We masked the chan-nels whose rms was more than three times the average rms across the band in the subsequent analysis. The resultant data were then analyzed using the SIGPROC 3 (Lorimer 2011) analysis package in the following manner. The data were first de-dispersed to the DM [reported by Joshi et al. (2009) ] of the pulsar to produce time-series files, which were subsequently folded to get one time stamped integrated profile per epoch for each pulsar. At the ORT, the pulsar backend, with the help of polyco files produced by the pulsar timing analysis package TEMPO2 4 (Hobbs et al. 2006 ) produced coherently dedispersed, time stamped integrated profiles [refer to Naidu et al. (2015) for details]. During the analysis of the GMRT data taken initially at 325 MHz, we noticed that PSR J2217+5733 was detected with a much lower S/N than the expected value and PSR J0026+6320 was detected at only some epochs. Hence, a local DM search was undertaken for both the pulsars. The range of DMs for the local search was 100−200 pc cm -3 for PSR J2217+5733 and 200−280 pc cm -3 for PSR J0026+6320. The local search resulted in improved DM estimates for both pulsars (243 pc cm -3 instead of 231 pc cm -3 for PSR J0026+6320 and 131 pc cm -3 instead of 162 pc cm -3 for PSR J2217+5733). All the GMRT data for these pulsars were subsequently de-dispersed to the corrected DMs for further analysis.
The integrated profiles for each pulsar were added together, after aligning the peaks manually, to produce a high S/N (>100) average profile at each frequency. This was smoothed to generate a noise-free template profile, which was used to estimate the pulse time of arrival (TOA) at each epoch using the template matching technique as described by Taylor (1992) . The timing analysis was done using the pulsar timing package TEMPO2 (Hobbs et al. 2006) . The average profiles obtained for all the pulsars are shown in Figures 1 -3 (note that the flux density calibration for all the average profiles was carried out using the radiometer equation). We used a multiplicative factor (EFAC) to scale the TOA uncertainties so as to get realistic error bars on the parameters of the timing solution. The value of EFAC was estimated independently for TOAs at each telescope and frequency so as to obtain a reduced χ 2 of 1 (see Table 1 ). At the ORT, the initial configuration of the time and frequency system introduced a 300 µs jitter in TOA measurements. Once this problem was identified, changing the clock configuration reduced the jitter drastically. Unfortunately there is no way to correct the data for this effect afterwards. We have still not excluded the ORT TOAs for PSR J2208+5500 from the timing analysis because the rms clock jitter is much smaller than the rms post-fit residual of PSR J2208+5500 (∼ 1.2 ms).
As the observations were done at different telescopes and frequencies, constant phase offsets were determined in order to better estimate DMs. We did this by estimating the absolute instrumental offsets both at the ORT and the GMRT by radiating a noise signal modulated by the 1 pulse per minute (PPM) signal obtained from the GPS unit. The absolute instrumental delay (at both telescopes) was then estimated by subtracting the expected time of arrival of the rising edge of the signal from the observed time of arrival. The values were found to be 1258(0.5) ms for GSB and 490(0.5) ms for PONDER. The constant offset between GMRT−ORT was thus estimated to be 768(1) ms, while no offsets were seen at GMRT between 325−610 and 325−1170 MHz down to a level of 0.05 ms. The GMRT−ORT offset was found to be consistent for the TOAs of PSR J2208+5500. Given that the error in estimated instrumental offset, dominated by the jitter, is 1 ms, while the rms residuals obtained in all the pulsars are greater than 1 ms, the DM uncertainties obtained from the timing fit are more dominant than the ones obtained from the uncertainties in the offset.
Analysis of imaging data
The imaging data, which were acquired simultaneously with time-series observations carried out at the GMRT, were flagged and calibrated using FLAGCAL 5 (e.g., Chengalur 2013). At each epoch, 3C48 and 1822−096 were observed along with the pulsars. The former was used as flux calibrator to calibrate the raw visibilities and the latter was used for phase calibration. The images at 325 and 610 MHz were then made using the multi-facet imaging technique in the Astronomical Image Processing System (AIPS) 6 with 19 facets spread across the primary beam area. The images at 1170 MHz were made with the regular 2-D imaging technique. The image thus obtained was improved further with three rounds of self calibration with time scales for calculating the phase solutions of 4, 1, and 0.5 minutes. We noticed that the interferometric positions of the pulsars were slightly offset from the timing positions. The offsets were introduced due to the phase calibrator being more than 40
• away from the pulsars. We then compared the positions of other point sources in the primary beam to those given in the NRAO 6 http://www.aips.nrao.edu/index.shtml VLA Sky Survey (Condon et al. 1998 ) catalog and confirmed that the offsets were systematic. The offsets were then corrected before further analysis. The flux densities were then measured by using the task JMFIT (from the calibrated images). This was done by fitting a single elliptical Gaussian function with width equal to the width of the synthesized beam for each epoch. The integrated flux within the best-fit Gaussian beam was taken as the flux density of the source.
A search in the TIFR GMRT Sky Survey alternate data release (TGSS ADR; Intema et al. 2017) 7 resulted in no counterparts being detected for the pulsars under study. Based on the median rms of 3.5 mJy from Intema et al. (2017) , we estimate a 6σ upper limit of 21 mJy on the flux densities of these pulsars. It should be noted that all TGSS flux density estimates are obtained from snap-shot images obtained in TGSS. The flux densities obtained using the radiometer equation were consistent with those obtained from imaging observations.
RESULTS
The results of the data analysis obtained for the three pulsars are presented below in different subsections with each subsection dedicated to one pulsar. Note that the analysis of the imaging data resulted only in the measurements of flux densities and spectral indices, while the rest of the results were obtained from the analysis of the time-series data.
PSR J0026+6320
The pulse profile for this pulsar shows a single component, which is significantly scatterbroadened at 325 MHz (Figure 1) .
The low expected flux density of 1 mJy implied non-detection at 1170 MHz, which was confirmed in observations. Thus, the timing solution was obtained with 15 TOAs from 325 and 610 MHz observations at the GMRT (see Table  3 ). The timing residuals obtained are shown in Figure 5 .
The DM of this pulsar is 245 pc cm -3 . The maximum DM predicted by the NE2001 model (Cordes & Lazio 2002) in this direction is 240 pc cm -3 , while that predicted by the YMW16 model (Yao et al. 2017 ) is 375 pc cm -3 . Interestingly, one model puts this pulsar right on the edge of the Galaxy, while the other puts it 7 http://tgssadr.strw.leidenuniv.nl/doku.php well within. We used our multi-frequency timing analysis to obtain a more refined DM estimate listed in Table 3 .
As the S/N for single pulses was poor, it was difficult to identify any null pulses. Additionally, no absence in emission was seen after integrating several pulses. While this implies that no long duration nulls are shown by this pulsar, short period nulls cannot be ruled out. We also did not estimate the modulation index due to poor single-pulse S/N.
The profile reported by Joshi et al. (2009) at 1400 MHz was used as a template, or unscattered, profile for estimating τ sc , using the method described in Krishnakumar et al. (2015) . The profiles for PSR J0026+6320, observed at 325 and 610 MHz, were fitted to obtain estimates of τ sc . The fits are shown along with reduced χ 2 in Figure 1 . The scatter-broadening analysis resulted in τ sc of 7.5(2.7) ms at 610 MHz and 47.6(0.6) ms at 325 MHz. These results imply a scatter-broadening frequency scaling index of −2.9(1.0), which is flatter than −4.4, which is expected for a Kolmogorov spectrum of interstellar medium (ISM) density perturbations. The small values of reduced χ 2 (see Figure 1 ) could be due to overestimation of errors caused by baseline variation in the offpulse region. Hence, we quote our estimates with three standard deviation errors (see Krishnakumar et al. 2015 , for more details) for this pulsar.
The mean flux densities for PSR J0026+6320 are listed in Table 2 . Using these flux densities along with the ones measured by Joshi et al. (2009) , the spectral index was calculated to be −0.9(0.4) (as shown in Figure 6 ), which is consistent with the value of −0.8(0.3) obtained by Joshi et al. (2009) . The non-detection as well as the flux density upper limit from TGSS ADR (shown by an arrow in Figure 6 ) at 150 MHz is also consistent with expectations. Table 3 ) is much less than the size of the cross. Table 2 . Flux densities of the observed pulsars at different observing frequencies with 1σ errors reported in brackets. We take the rms deviation of the flux densities as the error at 325 MHz, while the errors at other frequencies are measurement errors. Spectral indices reported here were calculated by using these measurements along with the ones obtained by Joshi et al. (2009) . All our measurements were obtained using imaging observations.
The average profiles of PSR J2208+5500, shown in Figure 2 , consist of a narrow single component which broadens with decreasing frequency. Pulsed emission was detected at all our observing frequencies for this pulsar. The phase-coherent timing solution is listed in Table 3. It is consistent with the one obtained by Joshi et al. (2009) . The post-fit timing residuals are shown in Figure 5 . As is clearly seen, the simultaneous TOA measurements obtained at GMRT and ORT agree well with each other, after taking into account the instrumental offset measurements. Within our precision, no significant DM variation is evident after fitting a piecewise-constant model (DMX) with a time window of one week. No significant scatterbroadening was obtained after fitting. Joshi et al. (2009) have suggested that PSR J2208+5500 might be a nulling pulsar from their observations carried out with the GMRT at 610 MHz. Due to the steep spectral index of this pulsar and the use of the incoherent array, they did not have sufficient S/N for single pulses and hence, could estimate only a lower limit of 7.5% on the NF. On the other hand, we have observed at 325 MHz with the sensitive PA mode of the GMRT. This has provided an average single-pulse S/N of three and has enabled us to obtain a better estimate of the NF ( Figure  7 and 8).
The nulling analysis was performed using the method devised by Ritchings (1976) . Data taken at 10 separate epochs were selected for the nulling analysis as they had single-pulse S/N > 3 due to smaller amounts of RFI. The analysis was performed on data taken at each epoch independently. The de-dispersed time-series was folded modulo the pulse period to 256 bins and dumped every period into a single-pulse file. Periods affected by RFI were visually identified and masked. Two windows of equal width were visually identified for each pulse. The window with phase bins where the pulsed emission is present is called the on-pulse window (e.g. bin number 75−90 in Figure 7) , whereas a window away from the pulsed emission is called the off-pulse window (e.g. bin number 150−165 in Figure 7 ). The on-pulse window was selected such that it equaled the pulse width at 10% of the peak intensity in the integrated profile. The integrated energies in the on-pulse and the off-pulse windows for each rotation period were normalized with the mean pulse energy (see Gajjar et al. 2012 , for more details on the analysis technique) and combined to form a single distribution of normalized on-pulse and off-pulse energies. The combined data provided an ensemble of 5251 pulse periods. The pulseenergy distributions are shown in Figure 8 . The on-pulse energy histogram shows a clear excess at zero mean, which corresponds to the null pulses. A fit by the modeled off-pulse energy distribution to the on-pulse energy distribution is also shown. The NF, given by the fraction of the off-pulse distribution required to fit the zero mean excess in the on-pulse distribution, is estimated to be 53(3)%. The apparent NF usually depends on many factors, such as the true NF, observing time per epoch, number of epochs and their separation etc. We had individual observations of 10 minutes duration but they were spread over a time span of almost three years. In order to see how the apparent NF changes with number of accumulated pulses, we also estimated the NF for each of the individual observing epochs (10 in all with typically 550 pulses each). The NF varied from 35 to 60% for individual epochs. Thus, to get a more accurate NF, we formed 10 random sequences of the NFs and estimated the cumulative NF for each sequence to see how the changing apparent NF at individual epochs affects the estimation of the true NF from the full data set (i.e. all the pulses from 10 epochs stacked together). This analysis showed that although the apparent NF varies from epoch to epoch, the cumulative NF actually converges to 53% within the 3% error after adding roughly 6-7 epochs together. Thus, we believe that our estimate of the NF is quite robust. The mean flux densities of PSR J2208+5500 are listed in Table 2 . Using these flux densities and the ones measured by Joshi et al. (2009) , the spectral index was calculated to be −2.4(0.4) (as shown in Figure 6 ), which is consistent with the value of −2.0(0.9) obtained by Joshi et al. (2009) . The upper limit from TGSS ADR (shown by an arrow in Figure 6 ) most likely indicates a spectral break or a turnover below 300 MHz.
PSR J2217+5733
The phase-coherent timing solution for this pulsar using the GMRT TOAs is listed in Table  3 and the post-fit residuals are shown in Figure  5 .
A refined DM estimate was obtained using the multi-frequency timing analysis and is reported in Table 3 . As the pulsar is weaker than PSR J2208+5500, a single-pulse study was not possible. We see no evidence of pulse nulling after integrating up to 30 pulses, which does not preclude shorter nulls.
PSR J2217+5733 was observed at 325, 610, and 1170 MHz. Significant scatter-broadening is seen at 325 MHz (see Figure 3) . The profile reported by Joshi et al. (2009) at 1400 MHz was used as a template profile to estimate τ sc , using the method described in Krishnakumar et al. (2015) . Our analysis resulted in τ sc of 9.7(1.2) ms at 610 MHz and 61.9(3.3) ms at 325 MHz. It is worth noting that these values are more than five times the values predicted by the NE2001 model (Cordes & Lazio 2002) and there seems to be no apparent diffuse emission associated with this pulsar (see right panel of Figure 4 ). These fits and the reduced χ 2 are shown in Figure 3 and imply a scatter-broadening frequency scaling index of −2.9(0.5). This is much flatter than −4.4, expected for a Kolmogorov spectrum of ISM density perturbations.
The mean flux densities of PSR J2217+5733 are listed in Table 2 . Using these flux densities along with the ones measured by Joshi et al. (2009) , the spectral index was calculated to be −2.4(0.3) (as shown in Figure 6 ), which is consistent with the value of −2.7(1.3) obtained by Joshi et al. (2009) . The upper limit from TGSS ADR (shown by an arrow in Figure 6 ) most likely indicates a spectral break or a turnover below 300 MHz for this pulsar as well.
5. DISCUSSION Joshi et al. (2009) suspected that PSR J2208+5500 shows nulls but did not have enough single-pulse S/N in their incoherent array observations at 610 MHz to estimate its NF. Our phased array observations at 325 MHz suggest very significant nulling (NF ∼53%) with the pattern of nulling very similar to pulsars, such as PSR B1112+50 (NF ∼60%; Gajjar et al. 2012) consisting of bursts and nulls with a similar duration (1 to 10 pulses). At the same time, this pattern differs from that shown by PSR B2034+19, a pulsar with a nulling fraction of 44% (Herfindal & Rankin 2009 ), but showing different null and burst lengths with nulls of up to four pulses and bursts as large as 20−30 pulses. This suggests that pulsars with similar NF show different nulling patterns, as reported earlier by Gajjar et al. (2012) . We also note from our multi-epoch NFs as well as cumulative NFs that the NF estimated from a single-epoch observation is highly dependent on observing conditions and nulling pattern of the pulsar.
The average profile of PSR J2208+5500 has a single component (Figure 2 ) from 325 to 1175 MHz, showing little evolution. At the same time, the spectral index of the emission is steep (−2.4). This suggests that this component is a core component, as the spectral indices of core components are expected to be much steeper than the conal outriders (Petrova 2002) . This is seen in many pulsars (e.g. PSRs B0329+54, B1642−03 and B0355+54) and was confirmed in a systematic study of pulsar beams (Lyne & Manchester 1988, see Figure 10 ). The halfpower width of the profile for PSR J2208+5500 is about 8
• , which is comparable to the typical width of core components (Rankin 1990) . It is also much smaller than the typical width of conal single profiles (Lyne & Manchester 1988 ). The width-period relation for core-single pulsars (Rankin 1990) gives an expected core width of 5.4
• for an orthogonal rotator, close to that observed. If an orthogonal rotator is not assumed, the same relation suggests an inclination angle of 42
• for this pulsar. Interestingly, the ratio of the surface magnetic field and the period of the pulsar (B 12 /P) has a value of 2.75, typical of the core single class of pulsars (Rankin 1990) . This is much larger than that expected for the conal single class of pulsars.
While we did not have polarimetric observations to confirm these implications, the above arguments suggest that the single component seen in the pulsar is a core component. If indeed this component is a core component, then this is unusual because core single pulsars typically do not show nulling (Rankin 1986 (Rankin , 1990 . To the best of our knowledge, it is the only pulsar known so far showing significant NF in a core component (see Basu et al. 2017 , for a recent study). This is inconsistent with a geometric origin for nulls due to 'empty' sightline traverses, as was proposed for few pulsars (Deshpande & Rankin 2001) , and implies that nulling is more likely due to intrinsic changes in the pulsar magnetosphere. Assuming that the core emission switches off during the nulls, this pulsar could provide a link between nulling pulsars and intermittent pulsars where the pulsed emission is quenched for much longer timescales (e.g. Lorimer et al. 2012) . Future full polarization observations as well as high-sensitivity low-frequency observations to detect sub-pulse drift are motivated by our results. If drifting is detected in these observations, we can rule out the possibility that the single component in this pulsar is a core component as sub-pulse drifting always denotes a conal component (Rankin 1986) .
Simultaneous imaging data acquired at the GMRT during the timing observations were helpful in determining the spectral indices through well-calibrated flux densities. These measurements together with the 150 MHz flux densities from the TGSS ADR suggest a spectral break or turnover between 100−300 MHz for PSRs J2208+5500 and J2217+5733 and a possible spectral break for PSR J0026+6320 below 300 MHz. Spectral breaks and turnovers are important for the understanding of emission mechanism of radio pulsars. The turnovers could be at high frequencies (of the order of 1 GHz) due to absorption in the adjacent or intervening medium Rajwade et al. 2016) or at low radio frequencies due to the distribution of the particle energies responsible for the radiation or it could be due to synchrotron self-absorption in the magneto-sphere. The origin of the low frequency turnover is not entirely clear due to lack of flux density measurements at low radio frequencies (Frail et al. 2016) . Future observations of these pulsars with the GMRT at 150 MHz with deeper integration than the TGSS are motivated in order to either detect these pulsars or put better upper limits on their flux densities at 150 MHz. This will better constrain the turnover frequency. It may be noted that none of these pulsars are associated with any wind nebula or supernova remnant (see Figure 4) . Hence, the low frequency turnover in these pulsars could be magnetospheric in nature. This could provide an independent handle on the density of the magnetospheric plasma which is responsible for the coherent radio emission. Future observations between 100-300 MHz will be useful to confirm this picture.
The frequency scaling indices for PSRs J0026 +6320 and J2217+5733 are not consistent with the expected Kolmogorov spectrum for turbulence, as also reported in some recent studies (Löhmer et al. 2004; Krishnakumar et al. 2015 Krishnakumar et al. , 2017 . Multi-path propagation from multiple screens is proposed as a plausible explanation for this deviation in these studies. Our results further enhance the sample of pulsars showing such deviations for future detailed modeling of the ISM. With a scatter-broadening frequency scaling index of −2.9, the YMW16 model (Yao et al. 2017 ) yields an expected τ sc for PSR J0026+6320 of about 4 and 26 ms at 610 and 325 MHz, respectively. The estimates for PSR J2217+5733 are 0.4 and 2.6 ms at 610 and 325 MHz, respectively. The large scatterbroadening seen in these two pulsars compared to the predictions [although these measurements lie within the scatter of the τ sc measurements at low frequencies (e.g. Krishnakumar et al. 2015) ] and the fact that these pulsars were discovered at 610 MHz, suggest that both high-frequency and low-frequency pulsar searches discriminate against weak and distant pulsars. Thus, there is a selection effect in these surveys, which needs to be taken into account in pulsar population models. Furthermore, these results suggest that a Galactic plane pulsar survey at an intermediate frequency range, such as 550−950 MHz, has a potential to discover many distant pulsars missed by both high-frequency and low-frequency pulsar surveys. The Five hundred metre Aperture Spherical Telescope in China has already shown good success with a pulsar survey 8 in a similar frequency range. Such a survey will be possible in future with instruments such as the upgraded GMRT and Square Kilometre Array and our results strongly motivate such surveys.
Pulsar searches typically lead to a coarse estimate of the pulsar DM, particularly at higher frequencies (such as 610 MHz in the case of these pulsars). With our multi-frequency observations employing frequencies as low as 325 MHz, the inverse square dependence of the dispersion smearing with frequency allowed determination of a much better measurement of the pulsar DM with pulsar timing techniques for all three pulsars. This underlines the importance of low frequency (down to 325 MHz) follow-up observations for high precision DM estimates of millisecond pulsars discovered at high radio frequencies.
Simultaneous and quasi-simultaneous multifrequency observations carried out with the GMRT and the ORT have determined the coherent timing solution for PSR J2208+5500 and demonstrated that even with a single polarization detector, the ORT is capable of providing high quality timing data with DM determination of the order of 0.01 pc cm -3 . This was achieved only with a very few TOAs obtained at frequencies higher than 325 MHz with typical TOA errors of the order of a few hundred µs. In fact, the DM correction for PSR J2208+5500 (a change of 5% as compared to the search DM) could be obtained only after multi-frequency timing analysis and not otherwise. The natural extension of this experiment would be to have a timing program for some of the millisecond pulsars which are a part of the international pulsar timing array 9 . For these pulsars, with single-epoch simultaneous ORT (325 MHz) and GMRT (1300 MHz) observations with the typical TOA errors of the order of a few µs, the DMs could be determined with an accuracy of up to 0.0001 pc cm -3 which is comparable to the precision currently achieved by other pulsar timing array experiments (e.g. Arzoumanian et al. 2018) .
The success of such an experiment would prove to be useful for the timing array experiments as the ORT can provide TOAs at a much higher cadence (weekly or bi-weekly) and provide complementary data at 325 MHz, which track the DM variations over time scales shorter than the cadence of 2-4 weeks typically used for pulsar timing arrays (e.g. Manchester et al. 2013; Desvignes et al. 2016; Jones et al. 2017 ).
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